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Abstract 
The paper presents a novel gas sensor which can be used for analysing two-component gas mixtures even under harsh measuring 
conditions, such as high temperature - < 300°C, aggressive media or fast variation of the gas concentration. This binary gas 
sensor uses as measuring effect the variation of the sonic speed in different gases. Actually, the sonic speed can be precisely
measured via the eigenfrequency f0 of an ideal acoustic cavity resonator, which is filled with the unknown gas mixture. But real 
cavity resonators are configured with electro-acoustic transducers for exciting and receiving the acoustic wave, and with vents for 
gas exchange. This affects the eigenfrequency f0 of the resonator. The paper describes how real cavity resonators must be 
designed so that the influence of transducers and vents will be negligibly small. The characteristics of the sensor are described
and fields of application are discussed. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Acoustic gas sensors use the dependence of the isentropic speed of sound cis in two-component gas mixtures on the 
proportion of these components as measuring effect [1]. This effect is non-selective, but in opposite to the most 
material based effects it is time-invariant. Therefore, acoustic gas sensors can generally achieve high reliability and 
long-term stability. Furthermore, with an intelligent sensor design, wide insensitivity to extreme temperature or 
aggressive media and a short response time can be reached. This opens new fields of sensor application in analytics 
and process engineering. However, the required measurement accuracy for the speed of sound cis with small-sized 
sensors turned out to be a difficult task.    
The paper describes the conditions for the accurate measurement of the isentropic speed cis with the aid of electrically 
excited acoustic cavity resonators. Such resonators can be used as primary transducers for robust and efficient 
electric-acoustic binary gas sensors. Finally, the measurement error of such sensors, their sensitivities relating to 
relevant disturbances and questions of calibration are discussed.  
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2. Measuring Effect 
As it is generally known, the isentropic speed of sound in ideal gas mixtures, consisting of two components with a 
mass ratio wi = mi/mi is
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The sonic speed cis depends on the absolute temperature T, on the specific heat capacities of the components cp, cv
with ți = cpi/cvi , on the molar masses Mi and finally on the interesting mass ratio wi . R is the common gas constant.  
The indices ți have an extenuated influence because their range of variation is limited to 1.1 < ț < 1.7. With known 
variables cp, cv, M and T, equation (1) allows to find the shares w1 and w2 of a binary gas mixture from the measured 
sonic speed cis. Only a few binary gas mixtures show no clear results [2]. Consequently, the most important 
condition for the effective analysis of binary gas mixtures with an acoustic gas sensor is the precise measurement of 
the sonic speed cis, which often must be realized under raw or even extreme conditions. For instance, the analysis of 
the process gas of industrial cleaning devices has to be done at a temperature up to - = 300°C. With this in mind, 
several methods were developed which can be principally used in directly acting acoustic gas sensors. 
3. Measuring Method 
    To measure the sonic speed cis several methods can be used. The running time method is based on the 
measurement of that time 't, which an ultrasonic burst needs for passing a defined distance l in the gas mixture to be 
analyzed. The mixture is contained in a long channel which represents an acoustic transmission line. Ultrasound 
transducers are arranged on both ends of the line (Fig.1a). The sending transducer emits an US-burst which reaches 
the receiving transducer after the runtime 'trun. The sonic speed is known to be cis= l/ǻtrun. Using the frequency 
method, electric-acoustic oscillators are appropriate. Such an oscillator can be designed on the base of the running-
time structure. The transducers are connected with a triggered burst generator to form a feedback loop (Fig.1b). The 
generator stimulates the sending transducer to emit an US-burst which passes through the line. After 'trun, the 
receiving transducer triggers the generator to emit another burst. The running time 'trun through the acoustic line 
must be much longer than the runtime of the electric signal across the electronic circuits and the transducers. Then 
the frequency of the burst sequence is fburst=1/ǻtrun=cis/l. Fig.1c shows another oscillator-based frequency method. A 
cylindrical cavity resonator with radius R and length L acts in place of the transmission line. Such a resonator has 
numerous modes (i,j,k) with the eigenfrequencies 
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The Ȟi,j are inflexion points of cylindrical Bessel functions [3]. The transducers on both sides are connected with an 
amplifier to form a feedback loop. If the condition for self-excitation is fulfilled, harmonic oscillations with the 
frequency fOc= f0n = K cis are generated. K is an oscillator constant.  
Fig. 1. (a) Running-time method; (b) Sing-around method; (c) Harmonic electric-acoustic oscillator based on acoustic cavity resonator 
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Important advantages of a harmonic oscillator as primary transducer for electric-acoustic gas sensors are low-end 
configuration, which can be designed in different scales, common processing of the signals, short response time and 
wide insensibility against external acoustic disturbances. 
4. Acoustic cavity resonators 
Simplifying, the oscillator frequency fOc of a harmonic electric-acoustic oscillator is determined only by the 
eigenfrequency f0n of the cavity resonator according to equation (2). Strictly speaking, the oscillator frequency fOc
also depends on the characteristics of the transducers and on the particular features of the cavity resonator. Fig. 2a 
shows the scheme of the vibration mode (0,0,1) in an ideal cylindrical cavity resonator with outright sonically hard 
walls. In Fig.2b the corresponding standing Ȝ/2-wave is visualized with refracto-vibrometry [4]. When this resonator 
has elastic walls on both ends, a distorted wave can be observed (Fig.2c). Obviously elastic walls change the 
vibration behaviour of a cavity resonator. On the other hand, in practice vibrating walls are necessary for exciting 
acoustic waves inside cavity resonators. Additionally, for a fast exchange of the measuring gas, wholes or breaks in 
the walls are required. 
Fig.2. (a) Scheme of the standing wave of mode (0,0,1) in an ideal resonator, (b) Visualization of the standing wave in a cavity resonator with 
rigid walls; (c) Visualization of  the standing wave in a real resonator with elastic walls on both ends. 
Both elasticity and wholes influence the acoustical impedance inside real cavity resonators. As a consequence the 
actual eigenfrequency f0n of a cavity resonator differs more or less from the ideal one. The effect of wholes or breaks 
in the reflecting walls of cylindrical cavity resonators on their acoustic behaviour was investigated in [5]. It was 
shown, that wholes or breaks reduce the complex wall impedance ZW of a cavity resonator. This corresponds to a 
virtual shifting ǻL of the sound-reflecting walls at the resonator ends. Thus, the eigenfrequencies f0n of a cavity 
resonator vary in accordance with the phase ĳ(f) of the wall impedance ZW [6]. 
5. Coupling Effects 
The virtual variation of the length ǻL of a cylindrical cavity resonator caused by wholes can be considered by 
predefinition of an appropriate oscillator constant K. However, the influence of the both transducers on the 
oscillation behavior of the cavity resonator is rather complex. In practice, not only the cavity resonator, but also the 
both transducers are oscillating systems with pronounced mechanical resonances (see Fig.3a and 3b). These systems 
are energetically coupled with each other. On this way the series connection “transducer - cavity resonator - 
transducer” develops into a damped multi-degree of freedom system. The matrix equation of motion of the free 
vibration of this coupled system is given by [7] 
)()()()()( trtxKtxMtxHtx &&&&&              (3) 
In equation (3) represents H the damping matrix, M the matrix of the eigenfrequencies of the system components 
and K the coupling matrix. For an assessment of the oscillation behavior of the closed loop according to Fig.1c, only 
the steady-state solution of (3) is required. The closed loop generates an oscillator frequency fOc which corresponds 
with the frequency fmax of the maximum of the amplitude-frequency characteristic of the series connection 
“transducer - cavity resonator - transducer”. There is assumed that an amplifier with constant amplitude-frequency 
characteristic is used.  
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6. Results
As an example the amplitude-frequency characteristic of the series connection “transducer - cavity resonator - 
transducer” is calculated with equation (3). Weakly damped transducers with a quality factor Q1,3 = 100 are 
assumed. The cavity resonator has a quality factor Q2 = 50.  The eigenfrequencies of the transducers are   f01 = 1,4 
kHz and f03= 1,6 kHz. The eigenfrequency of the cylindrical cavity resonator is f02= 1,44 kHz. The form of the 
calculated amplitude-frequency characteristic (Fig.4a) shows, that the maximum frequency fmax , which finally 
determines the oscillator frequency fOc of the closed loop (Fig. 1c), differs from the eigenfrequency f02 of the cavity 
resonator. Such frequency deviations depend on the actual value of the eigenfrequency f02 as well as on the 
parameters in the matrixes H, M and K in equation (3). To minimize measuring errors caused by such frequency 
deviations, a fine adjustment of the parameters H, M and K is required. Fig. 4.b shows the static characteristic of 
argon/air and helium/air mixtures of an implemented binary gas sensor based on a cylindrical cavity resonator.    
Fig.3. (a) Amplitude-frequency characteristic of a cylindrical cavity resonator; (b) Amplitude-frequency characteristic of a piezo-electric 
transducer;  (c) Calculated amplitude-frequency characteristic of the series connection “transducer - cavity resonator - transducer”.
Fig.4. (a) Calculated amplitude-frequency characteristic of the series connection “transducer - cavity resonator - transducer”. (b) Static 
characteristic of argon/air- and helium/air-mixtures of an acoustic binary gas sensor (drawn line is calculated according to (2).)
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